Published online zzz PACS 85.35. Kt, 81.07.De, Carbon nanotubes (CNT) belong to the most promising new materials which can in the near future revolutionize the conventional electronics. When sandwiched between ferromagnetic electrodes, the CNT behaves like a spacer in conventional spin-valves, leading quite often to a considerable giant magneto-resistance effect (GMR). This paper is devoted to reviewing some topics related to electron correlations in CNT. The main attention however is directed to the following effects essential for electron transport through nanotubes: (i) nanotube/electrode coupling and (ii) inter-tube interactions. It is shown that these effects may account for some recent experimental reports on GMR, including those on negative (inverse) GMR.
devoted to the problem of both the CNT-electrode coupling (Sec. 3) as well as the GMR effect (Sec. 4) will be made. Finally a tight-binding approach combined with the Green's function method will be described and applied to the coherent spin-polarized electronic transport through the CNTs.
Transport regimes
2.1 Ballistic regime Well-contacted long SWCNTs are essentially one dimensional systems from the point of view of their transport properties, since they can be viewed as translational in the axial direction and quantized in the transverse one. It was shown that in such a case they behave like a Fabry-Perot resonator, revealing spectacular dI/dV − V − V g (differential-conductance vs. bias and gate voltage) contour plots [3, 4] . The relevant energy scale here is the energy level spacing ∆ = hv F /(2L), which determines the electron wavelength and is directly related to multiple reflections and superpositions corresponding to the round trip length 2L of electronic waves, where L and v F stand for the SWCNT length, and the Fermi velocity, respectively.
Coulomb Blockade
The opposite transport regime is the Coulomb blockade one. It takes place at low temperatures when the CNT is weakly coupled to the electrode and may be regarded as a quantum dot. The relevant energy scale in this case is the so-called addition energy (E add ) equal to the inter-level energy spacing (∆E = ∆/2 due to lifting of the band degeneracy) plus the charging energy E c = e 2 /C, where C = C s + C d + C g is the total capacitance between the dot and the source, drain and gate. In order for the effect to be pronounced, E c must be greater than ∆E, and the junction resistances should be greater than the inverse of the conductance quantum (R > h/e 2 ). The set of equations describing the Coulomb blockade reads [5] :
where U (N ) is the electrostatic energy in the presence of N − N 0 excess electrons and the gate voltage V g , F(N) is the total energy, and µ dot and E i are the chemical potential and the energy levels of the dot, respectively. In general the addition energy gap prevents electrons from jumping to and off the dot. The situation changes when, due to the gate voltage, the unoccupied energy level of the dot aligns with the chemical potentials of the contacts (falls into the transport window). The electrons can then be pumped one by one from source to drain. Such a process is called sequential tunnelling. There is a simple rule of thumb to evaluate E c and ∆E for SWCNT, namely
. So the ratio E c /∆E is roughly equal to 5 and it does not depend on the length. The simplest way of energy shell filling in SWCNT is the 2-fold one (even-odd). Adding an electron to the occupied level costs just E c energy, whereas the energy required to add another electron is increased by what is needed to reach the successive energy level and amounts to E c + ∆E. In some SWCNTs the even-odd shell filling was experimentally established [6] , whereas in others the four-fold shell filling was reported [7] .
2.3 Kondo effect It turns out that if the dot/electrodes coupling is not too poor, a higher order tunnelling process can overcome the Coulomb blockade. It is called the co-tunnelling and may be thought of as a correlated jump of an electron from the dot to the drain when another electron jumps on the dot from the source at the same time. In the Kondo regime the crucial role is played by processes for which the entering electron and the leaving one have opposite spins. The net effect then is as if the quantum dot flipped its spin, very much like in the conventional (magnetic impurity) Kondo effect with resonance scattering of conduction electrons by localized magnetic moments. In the former case however resonance conductance rather than resonance scattering takes place, and consequently the conductance increases when temperature is lowered from the Kondo temperature to zero in contrast to the aforementioned conventional case. Experimentally, the Kondo effect is nicely seen in the dI/dV − V − V g (diamond) plots, as clear nonzero conductance horizontal features, in the vicinity of V = 0, within the diamonds corresponding to odd numbers of electrons [8] .
2.4 Luttinger liquid One-dimensional systems with strong electron correlations do not behave like the Fermi-liquid with free electron-like low-energy excitations (quasi-particles). Instead, electrons form a correlated state called the Luttinger liquid (LL) with plasmon-like excitations. Metallic carbon nanotubes belong to this class of materials under certain circumstances, and they represent the best realization of the LL physics [9] . The strength of electron-electron interactions is described by the Luttinger parameter g = 1/ (1 + 2E c /∆E), which is less than 1 for repulsive Coulomb interactions and equals 1 in the absence of interactions. The parameter g is just the ratio of v F over v g , with the latter being the plasmon velocity. Incidently, the v g -s for spin plasmons and charge plasmons are different, but no spin charge separation has ever been experimentally established in SWCNTs, to our knowledge. The interactions critically influence electronic transport, because the tunnelling of electrons from a metal electrode (Fermi liquid) to the SWCNT (LL) is only possible if the tunnelling electrons have energies high enough to couple with the plasmon modes in the LL. This is in contrast to the tunnelling between two Fermi liquids, where no energy dependence is basically expected. Consequently, LL systems show power-law temperature-and bias-dependence of the conductance G ∼ T η , dI/dV ∼ V η , for small and large V , respectively. Moreover it can be shown that the scaled differential conductance
3 Some experimental aspects It is a usual practice to select carbon nanotubes for further transport measurements on the basis of their room temperature two-terminal conductance G RT . Tubes with conductances almost independent of gate voltage are classified as metallic, others -as semiconducting. It is convenient to define a transmission probability of contacts as P c = 2/(1 + G max /G RT ), where G max = 4e 2 /h is the maximum possible conductance of a SWCNT (0 ≤ P c ≤ 1) [10] . At low temperature, for lowtransparency samples (P c ∼ 0.15), Coulomb blockade sets in, with periodic sharp peaks separated by zero-conductance valleys in the G vs. V g plots. For better transparencies (P c ∼ 0.6) the Kondo regime is reached. Eventually, for P c ∼ 0.9 one enters a ballistic regime, characterized by the so-called inverse diamond structures with maxima of the conductance near the middle of the diamonds. It means that very well-contacted SWCNT act as etalon-like resonant cavities with the (inverted) diamond structue period varying as 1/L, which lends support to the view that open-contact SWCNT are ballistic phase coherent wires. Quite recently a series of experimental papers has appeared which shows that nanotubes wellcontacted to metal electrodes can now be fabricated in a controllable way ( [11] , [12] ). The best transparent interfaces are for Pd and Au electrodes. In some cases the transparency is considerably improved upon annealing (e.g. for Ti electrodes). As shown in [13] it is even possible to observe practically all the transport regimes together on the same sample by just changing gate voltage. It means that gate voltage may strongly influence the dot/electrode tunnelling coupling.
GMR in carbon nanotubes
The giant magnetoresistance (GMR) effect in CNTs was first measured 5 years ago [14] , it was estimated that the spin diffusion length of electrons flowing through a tube is ca. 130 nm or most probably more than that. Bearing in mind, that nowadays CNT lengths used in electric current measurements, are quite often as short as 200-250 nm, it means that practically electrons travel through nanotubes in a spin-coherent way (no spin flips). Experimental papers concern mostly MWCNTs electrically contacted by cobalt [14, 15] , but there are also reports on iron [16] and permalloy [17] contacted multi-walled and single wall carbon tubes. The results depend very strongly on ferromagneticelectrode/CNT interfaces, yielding the net GMR effect of the order of 10 -40%. It should be stressed however that also inverse GMR has been reported of roughly similar magnitude but with negative sign [15, 17] . A very surprising data concerning Fe-contacted SWCNT were reported in [16] , where a measured GMR effect approached 100%, i.e. transport was completely blocked in the antiparallel aligned configuration. It seems that so far a consensus has been gained that the main contribution to the spindependent transport comes from a ferromagnet/CNT junction and a CNT itself acts only as a quasi ballistic waveguide. The junction properties are typically temperature, magnetic field and gate voltage dependent. There are suggestions that at the interface an antiferromagnetic (e.g. CoO) layer may be formed, such a layer would be undoubtedly temperature and magnetic field sensitive, and could also be responsible for hysteretic (magnetic field sweeping direction) effects. In [18] it was shown theoretically that an additional magnetic layer at the interface does really influence the GMR effect very substantially, and can even block the current in the antiparallel configuration. It is also quite possible that local magnetic domains which touch the carbon nanotube might be misaligned with respect to the total electrode magnetization. Other important points concern the internal structure of MWCNT, i.e first of all (i) the inter-tube interactions, and (ii) whether or not the particular tubes are in (out of) contact with the electrodes. These problems will be addressed in the following.
Theoretical approach
The studies are carried out within the framework of the single-band tightbinding model for p z (π) electrons in the carbon nanotubes. The magnetic electrodes are spin-split by assuming spin-dependent on-site potentials therein. The Green's function technique has been used, along the line of the non-equilibrium transport formalism, and under constraint of global charge neutrality. The so-called extended molecule concept is adapted, by incorporating to the central part of the system not only the entire molecule (CNT) but also two closest magnetic atomic planes from the left-and right-hand side electrodes [20] . The Green's function is defined as G = (1E − H C − Σ L − Σ R ) −1 , whereas the density matrix of electrons and current (per spin) are given by:
At low bias and temperature the latter leads to the conductance G =
where α =L, R, C refer to the left, right electrodes and the extended molecule, respectively. Moreover
, where V L(R),C describes the coupling between the electrodes and the extended molecule, and f α is the Fermi-Dirac distribution function. The g α is the α-th electrode surface Green's function. The latter has been calculated as in [21] , but summed over the 2-dimensional Brillouin zone (while Fourier transforming back to the real space) by the special-k-points method [22] . The "pessimistic" definition is used GM R = (G ↑,↑ − G ↑,↓ )/G ↑,↑ , where the arrows indicate the relative magnetization alignments of the left and right external electrodes. The inter-tube hopping parameters are taken after [23] as
where θ is the angle between the π orbitals, d is a relative distance, t stands for the nearest neighbor intra-tube C-C hopping integral (chosen as energy unit), δ = 0.45Å and b = 3.34Å.
Modelling of the devices and the results
The contacts are modelled as bulk fcc-(111) slabs infinite in all the 3 directions and connected to the CNT through a neck composed of two finite atomic planes. In my previous papers, very special geometries of the SWCNT (6,6) armchair and the double-walled CNT (2,2)@(6,6) were studied (see [18] - [20] for details). In those cases it was possible to construct the end-contacted devices in such a way that interface carbon atoms were placed exactly above the centers of equilateral triangles formed by the adjacent transition metal atoms. Now this construction has been generalized so that in principle any CNT may be end-contacted, by performing a relaxation under a given potential, e.g. Lennard-Jones' (see Fig. 1 ). The procedure goes as follows: (i) nanotubes are generated using the codes A-2 and A-3 of [24] , (ii) the tubes are placed vertically on the fcc-(111) transition metal contacts, (iii) the outer tube is kept fixed while the electrodes and the inner tube are free to rotate and move along the axial direction. The relaxation is made by the exact numerical minimization of energy of the device, assuming that energetically most favorable positions for interface C atoms would be again those, where they had exactly 3 transition metal atom nearest neighbors. In Fig. 2 conductances are presented for parallel (PA -thick solid line) and antiparallel (AP -thick dotted line) alignments of magnetic electrodes, along with the corresponding GMRs (thin line). The figure shows results for a double-walled carbon nanotube (DWCNT) composed of the outer armchair (8, 8) tube and the inner zigzag (5,0) one. In order to keep the length of both the tubes close to each other there are 45 and 39 carbon rings for the inner and outer tubes, respectively. As readily seen the GMR in the charge neutrality point (E = 0) is above 20 % and happens to be rather robust against small energy changes. Judging from the conductances the presented results correspond to the low resistivity junctions. The relevant energy scale is related to inter-level spacing ∆E ∼ 0.15 in the adopted units (|t| and the graphene lattice constant). There are theoretical and experimental arguments that such a fine structure gets washed out if there is disorder, e.g. due to interactions with incommensurate inner tubes, structural imperfections or impurities [25] . Figure 2 (b) shows the conductances after averaging over the energy interval equal to ∆E, and the resulting GMR.
To gain a deeper insight into the effect of the inner tube on the overall conductance of the device, Fig. 3 presents the results for the case when both the tubes are of armchair-type, but the inner one is by one carbon-ring shorter, being thereby out of contact to the drain. It is easily seen that now the GMR is quite is accepted. The new observation is that even in this case the inverse GMR may be encountered in the vicinity of E F . The inter-tube interactions are quite decisive for electronic transport in the DWCNT even if the inner tube is not fully contacted by the electrodes, provided it is metallic (of the armchair-type).
Note that the maximum conductance in Fig. 3 (a) may exceed 4e 2 /h in contrast to the cases presented in Figs. 2 (a) and 3 (b) . This means that in the former case the inner tube opens additional conduction channels for electric transport. Another observation emerging from the present studies is that the inverse GMR is more likely to occur in systems with a small amount of disorder, where energy-level features do not get smeared out.
Summary
The spin-dependent transport through carbon nanotubes electrically contacted by metal electrodes has been addressed. The main transport regimes, resulting from electron-electron interactions have been discussed and shown to be strictly related to the nanotube/electrode junction quality. A method to model CNT/metal interfaces (end-contacted devices) has been presented and exemplified by two types of DWCNTs defined in such a way that the current flows through the outer tube only. It has been shown that for high-transparency interfaces the GMR effect is basically positive, the inverse GMR may however be also encountered in this limit. The latter comes about only on the inter enegy-level spacing scale, when due to different boundary conditions, the conductance has a maximum at the charge neutrality point for the antiparallel configuration and a reduced value for the parallel alignment. The probability of such a coincidence is increased by the fact that on symmetry grounds the conductance peaks are more strongly spin-split in the parallel configuration than in the antiparallel one.
